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Aims: This study analyzed the sensorial, structural and functional response of rats subjected to paw immobiliza-
tion.
Mainmethods: Animal pelvis, hip, knee and ankle were immobilized using waterproof tape during twoweeks for
assessment of sensorial response to thermal (hot plate test) and mechanical stimuli (Von Frey test), motor sys-
tem structure (histology and radiography) and muscle function (soleus contractility).
Key ﬁndings: Disuse animals became more responsive to thermal stimuli (49%), although less responsive to me-
chanical challenge (58%). Disuse animals showed local injuries such as reduction inmuscle ﬁber diameter (16.7%
in gastrocnemius, 5.7% in soleus), contractile activity (55% of the controlmaximal tonic contraction) and tibia cor-
tical thickness (9.3%), besides increased nitrite:protein ratio, suggestive of protein degradation. Disuse also
evoked systemic adaptations that include increase in serum lactate dehydrogenase (36.1%) and alkaline phos-
phatase (400%), but reduction in calcium (8.4%) and total serum protein (5.5%), especially albumin (34.2%).
Signiﬁcance: Twoweeks of functional paw disuse leads to local and systemic harmful adaptive changes in senso-
rial and structural systems. This study brings new insights into nervous andmotor systemmechanism associated
with therapeutic limb immobilization in muscle and skeletal pathological conditions.© 2015 Elsevier Inc. All rights reserved.1. Introduction
Immobilization is a common clinical practice, especially in the treat-
ment of fractures and pain conditions. However, even short periods of
immobilization carry multiple risks, particularly muscle atrophy [4].
This procedure also has other disadvantages, including bone loss, swell-
ing, joint stiffness, innervation and circulation disorders [1], connective
tissue accumulation, and histological [6] and functional alterations in
muscle ﬁbers [30].
The contractile activity of isolated skeletal muscles is diminished
during the immobilization process [30], accompanied by reduction in
amino acid transporters [11]. Accordingly, rat gastrocnemius atrophy
induced by denervation or spinal cord isolation stimulates atrogene ex-
pression similar to that observed in systemic conditions such as untreat-
ed diabetes, tumor implantation and renal failure. These changes may
inﬂuence adaptations to the loss of muscle contractile activity [23]. In
addition, muscles kept in disuse are more sensitive to hormonalstry and Genic Expression —
s Munguba, 1700 Campus do
.uece.br/cmacf (V.M. Ceccatto).catabolic signals, directing metabolic pathways toward mass and pro-
tein loss [2].
Bone loss is another complication of disuse, occurring either locally
or systemically [21]. It is characterized by increased bone resorption
by osteoclasts and reduced bone mass formation by osteoblasts [25].
Long-termdisuse occurs in three stages; rapid bone loss begins immedi-
ately after immobilization, followed by slower but prolonged loss initi-
ated around the 12th week, and ﬁnally, a stabilization period that
results in 40–70% reduction of original mass [10].
Two experimental models, suspension and immobilization, are cur-
rently used to induce muscle atrophy and simulate bed restriction and
low functional activity [13]. A comparative study showed that both
models produce signiﬁcant reduction in soleus muscle mass, isometric
contraction duration, and peak tetanic tension [24]. Nervous system al-
terations have been demonstrated in a two-week immobilizationmodel
[1]. However, thermal and mechanical muscle hyperalgesia may also
occur following disuse. This response is still poorly studied, as most of
the investigations have been evaluated for more than three weeks of
disuse [30]. Thus, we hypothesized that these changes are also present
after two weeks of paw immobilization. For better understanding of
the disuse pathophysiology, the present study aimed to analyze the sen-
sorial response to thermal and mechanical stimuli as well the motor
159F.F.U. Santos-Júnior et al. / Life Sciences 137 (2015) 158–163system structure and function in rats subjected to paw immobilization
for two weeks.
2. Materials and methods
2.1. Animals
Eight-week-old female rats (Rattus norvegicus, Wistar) with an aver-
age body mass of 200–230 g were given ad libitum access to food and
water. This study was approved by the Ethics Committee for Animal
Use of UECE (CEUA no. 10725887-0).
2.2. Immobilization model
Ratswere anesthetizedwith 60mg/kg ketamine+8mg/kg xylazine
before immobilization. Waterproof tape (10 cm wide; Cremer™, Santa
Catarina, Brazil) was utilized to immobilize the pelvis. Hips and knees
were immobilized in extension, and ankles in plantar ﬂexion. Cotton
strips (4 cm wide) were placed at the joints to prevent the formation
of pressure ulcers. The right hind limbs were ﬁrmly bandaged with
2 × 15 cm2 tape strips and maintained for two weeks, a procedure
that does not interfere with the movement of rats within the cage or
the water and food access. Animals were weighed before and after
two weeks of immobilization [24].
2.3. Evaluation of thermal and mechanical responses
The sensorial response to thermal stimuli was evaluated in the hot
plate test. For this, animals were placed at 55 ± 0.5 °C for up to 25 s
[5]. The reaction time to thermal stimulus (time to jumping, or licking
or shaking of hind paws) was registered 3 h of tape removal [12].
The sensorial response to mechanical stimuli was evaluated in the
Von Frey test to investigate allodynia, a response to a non-nociceptive
stimulus, or hyperalgesia, an increase in pain sensitivity. For this, ani-
mals were individually placed in clear acrylic boxes with raised plat-
forms of wire mesh to allow access to the ventral surface of hind
paws. The frequency of pawwithdrawal in response to ten applications
of ﬂexible Von Frey ﬁlaments (constant pressure of 0.8 g)wasmeasured
[32]. An additional control group was assessed in which eight animals
received subcutaneous injection of the inﬂammatory agent λ-
carrageenan (Sigma Chemical Co. — St. Louis, MO, USA) dissolved in
sterile saline (300 μg/100 μL) in order to induce paw edema [9]. Three
hours later the mechanical response was evaluated in the Von Frey
test and the paw volume (mL) by plethysmometry.
2.4. Tissue analysis
Blood was collected by retro-orbital puncture for hemogram and
biochemical analysis of alkaline phosphatase, lactate dehydrogenase
(LDH), creatinine, glucose, total protein, albumin, calcium, and lactate
serum levels using LABTEST kits (Labtest Diagnóstica, Lagoa Santa —
MG, Brazil).
After euthanasia by CO2 inhalation, the tibia was excised for exami-
nation by X-ray (45 kV, 4 mA s) and microscopy. Each bone was evalu-
ated at 3 locations: proximal epiphysis, diaphysis and distal epiphysis.
The equipment tube was vertically positioned, and anatomical samples
were placed 80 cm from the emission focus with the anterior surface
facing upwards under the exposure time of 0.04 s (35 × 43-cm ﬁlm,
Kodak™). The ﬁlm was digitized using photographic camera (Olympus
1040; Olympus™) with 5 megapixel resolution. Optical densities (O.D.)
were analyzed using ImageJ software (National Institutes of Health, Be-
thesda, MD). Tibia thickness was measured using longitudinal sections
of the middle third (diaphysis).
For histological analysis, performed by a single examiner, soleus and
gastrocnemius were weighed, ﬁxed in 10% formol for 24 h, subjected to
dehydration in crescent alcoholic series, diaphanized in xylol,impregnated in parafﬁn andmelted at 60 °C to form blocks. Fiber diam-
eterwasmeasured (3 slides/muscle— 5 μmthick) and, in each section, 2
areas (50 ﬁbers/1000 μmradius)were randomly selected and stained in
cross-sectionwith hematoxylin & eosin and analyzed by optical micros-
copy (Zeiss Primo Star/Pixel link PLA 662, 4 × 0.10/ImageJ). Muscles
were further macerated to determine protein [3] and nitrite [22].
2.5. Evaluation of soleus contractile response
Pieces of soleus (3–5mm)weremounted for tension recording (1 g)
in a 10 mL organ bath ﬁlled with modiﬁed Krebs solution (113 NaCl;
2.19 CaCl2; 25.0 NaHCO3; 0.44 MgSO4; 1.18 KH2PO4; 0.03 EDTA; 11.0
glucose mM). After equilibrium of 45 min (37 °C, 95% O2, 5% CO2;
pH 7.4), tissues were challenged with caffeine (50 mM), and the
contractile response (isometric tension, in g) was measured for
30 min (PowerLab ADInstruments) and analyzed by computerized
data acquisition system (Chart 4.2) [30]. Data were expressed
as percentage of maximal contraction or as area under the curve
(arbitrary units).
2.6. Statistical analysis
The data were expressed as mean ± S.E.M. (n = 6–16). Student's t-
test was used for independent samples; one-way ANOVA (Dunnett's
post-test) and two-way ANOVA (Bonferroni's post-test) for protocols
of muscle contractility; Spearman correlation was applied to compare
histology, biochemical parameters and muscle mass. Statistical signiﬁ-
cance was set at p b 0.05.
3. Results
3.1. Effect of disuse on the rat thermal and mechanical response
Two weeks of paw immobilization diminished animal responses to
mechanical stimulus. The frequency of paw withdrawal was reduced
by 58% in the disuse group (3.13 ± 1.5%) compared to the control
group (7.5±1.7%) (Fig. 1A). Both the disuse and control groups differed
from the carrageenan group (72.9±7%; p b 0.0001), used as positive in-
ﬂammatory and hyperalgesic control, exhibited hyperalgesic response
to a non-noxious stimuli (Von Frey 0.8 g ﬁlament). Moreover, the im-
mobilization process failed to induce inﬂammation since the paw vol-
ume of the disuse animals (1.22 ± 0.04 mL; n = 16) was not different
from that of the control animals (1.26 ± 0.03 mL; n = 16; p = 0.343).
Disuse and controls differed from the edematous paws induced by car-
rageenan (3.84±0.14mL; p b 0.0001). In the hot plate test, the animals'
reaction time to thermal stimulus was decreased by 49% in the disuse
group (3.39 ± 0.32 s) compared to controls (6.62 ± 0.7 s) (Fig. 1B).
3.2. Hematological and structural alterations derived from disuse condition
The immobilization procedure led to increase in the levels of serum
alkaline phosphatase (400%) and LDH (36.1%), but reduction in calcium
(8.4%), total protein (5.5%) and albumin (34.2%) relative to control ani-
mals. However, serum lactate, glucose, creatinine and other hematolog-
ical parameters, including hematocrit, hemoglobin and blood cells
(platelets, leucocytes and erythrocytes) were unaltered. Notably, the
low calcium content in the disuse group was still within the normal
range (Table 1).
Body mass in the disuse group was reduced by 13.8% after two
weeks of immobilization compared to controls. The wet weight of gas-
trocnemius and soleus muscles were also diminished by 38.1% and
35.7%, respectively. In addition, the nitrite:protein ratio was augmented
in the soleus (46.6%) and gastrocnemius (83.7%) as a result of paw im-
mobilization (Table 2).
The histological proﬁle of control gastrocnemius showed a distribu-
tion frequency of 70–90 μm in 66% of the analyzed ﬁbers. However, in
Fig. 1. Alterations in rat response to mechanical and thermal stimuli after two weeks of
paw immobilization. A) Von Frey: frequency of withdrawals per 10 challenges (%). B)
Hot plate: reaction time (s). Mean ± S.E.M. (n= 16). Student's t test, *p b 0.05 compared
to control.
Table 2
Alterations in weight and biochemical markers after two weeks of paw immobilization.
Control Disuse p value
Initial body mass (g) 210.6 ± 6.88 218.5 ± 6.19 0.4096
Final body mass (g) 215.9 ± 7.89 186.9 ± 6.58* 0.0154
Soleus weight (g) 0.098 ± 0.005 0.063 ± 0.001* 0.0001
Gastrocnemius weight (g) 1.346 ± 0.04 0.833 ± 0.02* 0.0001
Soleus nitrite/protein (μg/μg) 0.234 ± 0.023 0.343 ± 0.034* 0.0308
Gastrocnemius nitrite/protein (μg/μg) 0.135 ± 0.016 0.248 ± 0.026* 0.0103
Mean ± S.E.M. (n = 6). Student's t test, *p b 0.05.
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indicating higher distribution in minor ﬁber size (Fig. 2A, C) and pre-
sented 16.7% reduction in ﬁber size compared to controls (Table 3).Table 1
Hematological analysis after two weeks of paw immobilization.
Control Disuse p value
Serum lactate (mg/mL) 3.37 ± 0.46 3.03 ± 0.09 0.4399
Alkaline phosphatase (U/L) 28.75 ± 12.86 143.7 ± 42.31* 0.0236
Serum calcium (mg/dL) 8.677 ± 0.29 7.945 ± 0.08* 0.0365
Total protein (mg/dL) 7.23 ± 0.13 6.829 ± 0.08* 0.0200
Glucose (mg/dL) 87.33 ± 3.40 80.33 ± 5.01 0.2751
Creatinine (mg/mL) 0.246 ± 0.041 0.285 ± 0.032 0.4542
Albumin (mg/dL) 3.36 ± 0.28 2.21 ± 0.26* 0.0094
Lactate dehydrogenase (mg/mL) 2.99 ± 0.49 4.07 ± 0.12* 0.0459
Platelets (103/dL) 676.7 ± 46.81 632.9 ± 29.09 0.4293
Hematocrit (%) 39.00 ± 0.81 38.29 ± 0.56 0.4768
Hemoglobin (g/dL) 13.93 ± 0.34 13.83 ± 0.21 0.7969
Erythrocytes (106/dL) 6.74 ± 0.16 6.76 ± 0.10 0.9271
Leukocytes (103/dL) 27.33 ± 3.5 36.17 ± 2.7 0.0761
Neutrophils (%) 36.5 ± 4.3 33.9 ± 2.9 0.6150
Lymphocytes (%) 63.33 ± 4.44 64.86 ± 2.65 0.7665
Monocytes (%) 0.16 ± 0.16 0.28 ± 0.28 0.7375
Mean ± S.E.M. (n = 6). Student's t test, *p b 0.05.Similar results were found in the soleus of disuse animals, in which
91.2% of ﬁber diameters varied from 40 to 60 μm, compared to 88% of
controls (50–70 μm), representing a total reduction of 5.7% (Fig. 2B,
Table 3).
The radiodensity and histological analysis of the tibia in the disuse
group indicated structural alterations, seen by reduction in optical den-
sity (10.4%) and diaphysis thickness (9.3%) compared to controls
(Table 3).
Histological proﬁle of the gastrocnemius, a muscle that presents
close distribution of slow and fast ﬁbers, showed moderate and direct
correlation of ﬁber size with plasma protein (p = 0.003; r = 0.688)
andmusclemass (p=0.004; r= 0.668), butmoderate and inverse cor-
relation with LDH (p = 0.043; r =−0.565).
3.3. Effect of disuse on soleus contractile function
Muscle functional activity was diminished by immobilization, al-
though the time-course of the contractile response induced by caffeine
was similar to that of control, as observed in typical traces (Fig. 3A).
Maximal tonic contractions in the disuse group (1.46±0.17 g)were re-
duced by 55% relative to controls (3.27 ± 0.68 g; p = 0.038) (Fig. 3A)
and delayed in 2 min (disuse: 6 min versus control: 4 min) (Fig. 3B).
In addition, the total response, measured by the area under the curve,
was signiﬁcantly decreased in the disuse group (571.5 ± 56.8) com-
pared to controls (1.388 ± 290.8; p = 0.011).
4. Discussion
This study demonstrated that the process of two-week paw immobi-
lization in rats leads to sensorial dysfunction and adaptive changes in
hemodynamic parameters, in addition to deleterious alterations in the
motor system structure and function.
The hot plate test assesses noxious thermal stimulus associatedwith
neurotransmission, primarily in the spinal cord and/or higher levels of
the central nervous system [12], whereas the Von Frey test is widely
used for assessing tissue sensitivity tomechanical stimuli [32]. Mechan-
ical hyperalgesia is usually associated with inﬂammatory processes [8]
and exercise [27]. A recent study demonstrated that a four-week paw
immobilization in rats is sufﬁcient to promote mechanical allodynia
using ﬂexible Von Frey ﬁlaments of higher pressures (26, 60 and
100 g) [29]. However, our study focused on immobilization of only
two weeks, in which mechanical hyporesponsiveness was observed
but with no sign of inﬂammation (paw edema and leukocytosis), sug-
gesting that the immobilization condition evokes changes in the neural
system associated with motor disuse.
A previous study of our group using the same experimental model
demonstrated neural degeneration in major axons and an increased
number of minor ﬁbers in the sciatic nerve [1]. These changes may ex-
plain the diminished sensorial response in the disuse animals stimulat-
ed with Von Frey ﬁlaments, involving major axon ﬁbers, or the
augmented animals' response to painful thermal stimulus, which in-
volvesminor ﬁbers. The literature also shows an increased pain reaction
in disuse models using nerve injury [7] and cast immobilization [17]. In
addition, an increased neuronal excitability was demonstrated in
immobilized skeletal muscle [1], which could also support the
Fig. 2. Histological alterations derived from disuse of skeletal muscle. Micrographs of gastrocnemius sections (A); Frequency distribution (%) of 500 ﬁber diameters (μm)/muscle: soleus
(B) and gastrocnemius (C). Zeiss Primo Star/Pixel link PLA 662, 4 × 0.10/ImageJ.
Table 3
Muscles and bone histology and radiodensity.
Control Disuse p value
Gastrocnemius ﬁber diameter (μm) 82.91 ± 0.78 69.08 ± 0.72* 0.0001
Soleus ﬁber diameter (μm) 56.74 ± 0.41 53.52 ± 0.41* 0.0001
Tibia thickness (μm) 513.7 ± 14.39 465.7 ± 15.54* 0.0412
Tibia length (mm) 36.00 ± 0.258 35.60 ± 0.416 0.4332
Tibia proximal epiphysis (O.D.) 151.5 ± 2.853 153.3 ± 2.621 0.6397
Tibia diaphysis (O.D.) 134.0 ± 0.931 120.0 ± 1.775* 0.0001
Tibia distal epiphysis (O.D.) 138.3 ± 2.422 137.8 ± 1.128 0.8569
O.D. = optical density. Mean ± S.E.M. (n = 6). Student's t test, *p b 0.05.
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It is therefore possible that muscle atrophy triggers nervous system
pathways via medullar and peripheral centers.
The effects of disuse on the gastrocnemius and soleus could clearly
be observed by the reduction in both animal body mass and muscle
mass, an effect that had been already seen in other studies [23,24], but
was not associated with the animal feed intake (unpublished data). Ac-
cordingly, there was a decrease in ﬁber diameters, an important feature
of atrophy [24], which could lead to changes in the organization ofmus-
cle clusters. Besides, an increase in the muscle nitrite:protein ratio was
noticed in the present study. Nitrite is a predictor molecule for nitric
oxide (NO), and its increase is suggestive of augmented NO levels [22].
Under physiological conditions, neuronal nitric oxide synthase is
Fig. 3. Contracturant effect of caffeine on soleus muscle in disuse. Muscles (3–5 mm)were challenged with caffeine (50 mM) and the contractile response was measured (isometric ten-
sion, in g) over 30 min. A) Typical traces showing caffeine-induced contraction; B) Percentage of maximal contraction. Mean ± S.E.M. (n = 6); *p b 0.05 compared to baseline (ANOVA
one-way and Dunnett's test); #p b 0.05 compared to control (ANOVA two-way and Bonferroni's test).
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from α1-sytrophin and translocates into the cytoplasm, generating
NO, which in turn regulates transcription factors such as Foxo and
MuRF-1, muscle-speciﬁc E3 ubiquitin ligases, and atrogin-1/MAFbx,
key atrophy molecules that promote muscle protein degradation via
ubiquitin proteasome system [26]. In fact, skeletal muscle atrophy is a
primary complication of disuse [10] and can be associatedwith decrease
in protein synthesis and increase in proteolysis [35]. It is important to
emphasize that these alterations could not be related to corticosterone,
since rat adrenalectomy does not abolish muscle atrophy and, after
seven days of disuse, the corticosterone levels return to control [28].
Together, these ﬁndings point to muscle tissue loss that is consistent
with previous studies of skeletal muscle in disuse [10,14,18].
In addition to structural muscle changes, this study also registered
functional alterations in the disuse animals. After a period of only two
weeks, the immobilized animals showed a diminished tension peak
and total response in soleus contraction, that could be related to de-
crease in ﬁber diameters and muscle mass. These data are consistent
with the previous demonstration of decreased magnitude of caffeine-
induced contractions in six-week disused muscular ﬁbers [30]. Caffeine
causes gain of force and duration of skeletal muscle contraction by the
release of ion calcium from the sarcoplasmic reticulum via physical cou-
pling/conformational changes in the voltage-sensitive dihydropyridine
receptor [19] and augment inmyoﬁlament sensitivity to the ion calcium
[34]. We speculated that the change in the sensitivity of myoﬁbrils to
calcium observed at six weeks [30] may already be present after only
two weeks of disuse. Therefore, the electrical activity of atrophiedmus-
cles decreases dramatically, affecting various functional properties of
the muscle [2] such as contractility and tension peak.
Furthermore, contraction represents an obstacle to muscle deterio-
ration that may involve bone sensitivity to mechanical-muscle loadsand appears to be a key regulatory factor in the maintenance of bone
and muscle masses [20,15], correlated with the decreased body mass.
Similar to the altered tissue properties, that occur followingmechanical
stress [16], the lack of contraction imposed by immobilization produces
other structural adaptations, such as bone resorption [31]. Accordingly,
in our study, the disuse affected bonemass, evidenced by the reduction
in tibia optical density and diaphysis thickness, paralleled with a reduc-
tion in serum calcium and an increase in serum alkaline phosphatase.
It is important to highlight that in our study motor disuse evoked
systemic adaptations as well as local alterations, evidenced by the in-
crease in the atrophy blood marker LDH and by the decrease in total
serum proteins, especially albumin. LDH increase could be inversely
correlated with the histological data of gastrocnemius ﬁber diameter,
while serum proteins and muscle mass reduction could be directly
correlated with decrease in the size of ﬁbers. These correlations support
either, local and systemic alterations of the atrophy condition demon-
strated. Other studies had already described increased LDH levels [33]
and muscle proteolysis [35] after three days of hind limb suspension.
In our study these changes were maintained after 14 days of disuse,
being consistent with the assertion that proteolysis is a primary com-
plication of disuse condition [10]. However, to our knowledge, no
study had described these alterations in the blood, making our data
innovative.
Investigations of immobilization have been formerly restricted to
local processes [13,30].More recently, systemic alterationswere consid-
ered in the respiratory [24] and nervous systems [1]. This study may
provide new insights into the underlying mechanisms of disuse patho-
logical conditions that involve the peripheral and central nervous sys-
tem, as reﬂected in the motor system. Thus, the present investigation
highlights novel and relevant harmful alterations in sensorial response
to muscle disuse in a model of waterproof tape-immobilization for
163F.F.U. Santos-Júnior et al. / Life Sciences 137 (2015) 158–163two weeks. In future studies, more reﬁned investigation are required in
order to extend the ﬁndings to humans and eventually to determine
how they could be applied in institutions of motor rehabilitation.
5. Conclusions
Hind limb immobilization in rats during twoweeks leads to sensori-
al dysfunction (hyper thermal and hypo mechanical responsiveness)
with no signs of inﬂammation, accompanied by systemic reduction in
protein and ions and by local changes in bone (reduction in optical den-
sity and thickness) and muscle structures (reduction in ﬁber size and
muscle mass) concurrent with diminished contractile function.
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